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abolished thapsigargin-dependent, but not angiotensin II- orRegulation of mesangial cell apoptosis and proliferation by
ATP-induced Ca21 rises when administered during a 12-hourintracellular Ca21 signals.
preincubation.Background. In inflammatory glomerular diseases, prolifer-
Conclusions. Our data suggest that a sustained increase ofation, as well as apoptosis of mesangial cells (MCs), has been
[Ca21]i may serve as a signal to trigger MC apoptosis. Growthshown histomorphologically. Both processes may regulate the
factors such as PDGF can abolish apoptosis induced by eleva-cellular content of the mesangium by closely influencing each
tions of [Ca21]i by altering intracellular Ca21 signaling.other. In the present study, we examined whether the cyto-
plasmic free Ca21 concentration [Ca21]i is involved as a key
second messenger in the regulation of proliferative and apo-
ptotic events.
In many forms of inflammatory or metabolic glomeru-Methods. Thapsigargin, an inhibitor of the endoplasmic
lar diseases, mesangial cells (MCs) can change their phe-Ca21-Mg21-ATPase, was used as a test substance to investigate
the role of [Ca21]i in signaling MC apoptosis and growth in notype and become proliferative and matrix expanding.
vitro. Apoptosis was determined by nuclear chromatin staining Paracrine or autocrine growth factors such as platelet-
with Hoechst 33258, by a [3H]-thymidine–based DNA fragmen- derived growth factor (PDGF) or insulin-like growth
tation assay or by flow cytometry detecting binding of FITC-
factor-1 [1, 2], vasoactive agonists, for example, angioten-conjugated annexin V. Proliferation was measured by [3H]-
sin II and endothelin [3, 4], or leukocyte-derived cyto-thymidine incorporation into acid-precipitable material and
corroborated by cell counting. kines [5] have been shown to play a key role for the
Results. Thapsigargin significantly induced apoptosis and in- induction of proliferation and remodeling of the mesan-
hibited proliferation dose dependently in nanomolar concen- gium [6]. Apoptosis, or programmed cell death, is a
trations without evoking necrotic damage when administered
physiological process that is able to reduce surplus cellnot longer than 12 hours. Significant apoptosis was measurable
numbers during tissue development, differentiation, ma-after a six-hour treatment of MCs with thapsigargin. Determina-
tion of [Ca21]i by fura-2–dependent spectrofluorometry showed lignant transformation, or inflammation [7–9]. It is char-
that thapsigargin was able to induce prolonged [Ca21]i rises acterized by a fixed genetic program that is mostly trig-
that could be prevented by preincubation with the intracellular gered or modified by signals from the environment. In
Ca21 chelator 1,2-bis(2-aminophenoxy)-ethane-N,N,N9, N9-tetra-
glomerular diseases, apoptosis has been shown to occuracetic acid (BAPTA) acetomethyl ester (AM). BAPTA had
in patients with proliferative glomerulonephritis [10] orno influence on MC viability but reversed thapsigargin-induced
apoptosis to control levels. After thapsigargin treatment (100 in the experimental model of Thy 1.1 nephritis, where
nmol/L, 12 hours), apoptotic MCs had a significantly higher glomerular hypercellularity is counterbalanced and re-
[Ca21]i of 251 6 25 nmol/L (N 5 41) as compared with MCs solved by apoptotic processes of MCs [11]. However,
that were not or not yet apoptotic ([Ca21]i of 116 6 20 nmol/L, the mechanisms of MC apoptosis induction in vivo or inN 5 26, P , 0,05). Platelet-derived growth factor (PDGF), a
vitro and the involved second messenger pathways arewell-characterized growth factor for MCs, reversed the effects
of thapsigargin on proliferation and apoptosis in a similar fashion hardly understood. Previous studies have described that
as BAPTA. PDGF acutely stimulated increases of [Ca21]i but reactive oxidative intermediates, such as nitric oxide [12]
or superoxide [13], or antibodies ligating the Fas receptor
[14] or the Thy 1 epitope [15] can evoke programmedKey words: cell death, platelet-derived growth factor, thapsigargin,
cell death of MCs. The concept that the cytosolic-freeinflammatory glomerular disease, necrotic damage, metabolic glomeru-
lar disease. calcium concentration [Ca21]i may act as a key signal for
apoptosis induction was first described for thymocytesReceived for publication February 15, 1999
and lymphocytes, because a variety of proteases andand in revised form May 12, 2000
Accepted for publication May 16, 2000 endonucleases that are generally engaged as effector
molecules in the apoptotic cascade are activated by risesÓ 2000 by the International Society of Nephrology
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in Ca21 [16, 17]. However, for other cell types such as
neutrophilic granulocytes, elevations of [Ca21]i are fol-
lowed by a rescue from apoptosis [18]. Thus, in the pres-
ent study, the role of a rise of [Ca21]i as an activation
signal of MC apoptosis has been investigated. The selec-
tive endoplasmic Ca21-ATPase inhibitor thapsigargin
was used as a test substance that induces a release of
Ca21 from cytosolic stores and evokes Ca21 influx across
the plasma membrane [19, 20]. Hence, it mimics the
action of various vasoactive agonists or hormones on
[Ca21]i. Furthermore, the effects of the growth factor
PDGF on Ca21-dependent MC apoptosis and alterations
of [Ca21]i were studied.
METHODS
Reagents
Thapsigargin, angiotensin II, adenosine 59-triphos-
phate (ATP), and 1,2-bis(2-aminophenoxy)-ethane-N,N,
N9,N9-tetra-acetic acid-acetomethyl ester (BAPTA-
AM) were obtained from Calbiochem (Bad Soden, Ger-
many), PDGF-BB from Boehringer Mannheim (Mann-
heim, Germany), [3H]-thymidine (specific activity 5.0 Ci/
mmol) from Amersham-Buchler (Braunschweig, Ger-
many), and FITC-labeled annexin V from Boehringer
Ingelheim Bioproducts (Heidelberg, Germany). Fura-2
AM and all other reagents were purchased from Sigma
(Deisenhofen, Germany).
Animals and culture of glomerular mesangial cells
Fig. 1. Dose-dependent effects of thapsigargin on mesangial cell (MC)
Mesangial cells, derived from 6- to 10-week-old male apoptosis (A) and proliferation (B). MCs were synchronized and limited
in growth by reducing serum concentration of the culture mediumSD rats, were isolated, cultured, and characterized as
(CM), as described in the Methods section, before being treated withdescribed previously [21]. MC culture medium (CM) thapsigargin for 12 hours. Apoptosis was determined by a [3H]-thymi-
consisted of RPMI 1640 supplemented with 1 mmol/L dine–based DNA fragmentation assay. Means 6 SEM are given taking
control as 100%. At least six independent experiments were done, withl-glutamine, 50 U/mL penicillin, and 50 mg/mL strepto-
the total number of cultures indicated within the graph bars. *P , 0.05mycin (Seromed, Berlin, Germany). For the first two compared with control.
passages, CM also contained 5 mg/mL bovine insulin, 5
mg/mL transferrin, and 5 ng/mL selenite. CM was sup-
cubated in CM with 0.5% FCS for 12 hours in order toplemented with 0.5 to 10% fetal calf serum (FCS). For
enable processing of apoptosis. CM was removed care-experiments, MCs between the third and fifth passages
fully and MCs solubilized in 1 mL hypotonic lysis bufferwere exclusively used.
[0.5% Triton X-100, 5 mmol/L Tris, 20 mmol/L ethylene-
Quantitation of apoptosis by DNA diaminetetraacetic acid (EDTA), pH 8] for 30 minutes
fragmentation assay on ice. Cell lysates were centrifuged at 13,000 3 g for
20 minutes to separate intact chromatin from fragmentedQuantitation of DNA fragmentation was performed
DNA. Supernatants containing cleaved DNA and theafter labeling MC with [3H]-thymidine according to a
pellets that were dissolved in 0.5 N NaOH were sepa-method described by Higuchi and Aggarwal [22].
rately transferred for scintillation counting. For the totalMesangial cells subcultured in 24-well dishes at a den-
counts, MCs were lyzed by the addition of 20 mL of 20%sity of 3 3 104 cells/mL in CM supplemented with 10%
sodium dodecyl sulfate (SDS) without performing high-FCS were synchronized and slowed down in growth by
speed centrifugation. The percentage of cleaved DNAreducing serum in CM to 5% FCS at day 2, to 2.5% FCS
was calculated according to the following formula:at day 3, and to 0.5% at day 4. Cells were then incubated
with 3 mCi/mL [3H]-thymidine for 20 hours, washed ex- DNA fragmentation
tensively, and treated with the test substances for 1 to
20 hours. Afterward, MCs were again washed and postin- 5 cpm of test sample (supernatant) 3 100/total cpm
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Table 1. Determination of cell counts, apoptosis and necrosis of mesangial cells
Apoptocic cells Necrotic cells
(Hoechst 332581) (propidium iodide1)
Designation/ Intact cell counts
treatment of cells N 3 104/mL %
Control
6 hours 4.360.3 262 ,1
12 hours 4.460.3 362 ,1
20 hours 4.160.4 564 ,1
Thapsigargin 100 nmol/L
6 hours 4.060.1a 762a ,1
12 hours 3.660.3a 1664a 463
20 hours 2.260.5a 3067a 1466a
BAPTA 30 minutes
! Thapsigargin 12 hours 4.360.4b 563b 362
PDGF 1.25 nmol/L 12 hours 8.961.0a ,1 ,1
Data are means 6 SEM. Intact mesangial cell counts were determined by counting cells microscopically. Quantitation of apoptosis has been performed by
fluorescence microscopy using Hoechst 33258 staining, or necrosis by propidium iodide staining detected by flow cytometry. Three independent cultures have been
analyzed.
aP , 0.05 as compared with control for the indicated time points
bP , 0.05 as compared with 12-hour thapsigargin treatment without BAPTA preincubation
Baseline DNA fragmentation was scattered between 80% ethanol for 5 minutes. The nuclear dye Hoechst
33258 was added at a concentration of 5 mmol/mL for2 and 15% when MCs were cultured in medium alone.
The percentage of increases or decreases of apoptosis 20 minutes at 48C. Thereafter, slides were rinsed three
times in PBS and embedded in 5% glycerol for analysisby the tested substances in relationship to basal apoptosis
(% of control) are depicted in the figures. by immunofluorescence microscopy. The percentage of
apoptotic cells was determined by counting nuclei withCell necrosis was determined by trypan blue exclusion
[10% trypan blue in phosphate-buffered saline (PBS)] condensed or fragmented chromatin after Hoechst 33258
staining from 100 MCs for each experiment.or by low propidium iodide (PI) staining using flow cy-
tometry (discussed later in this article).
Proliferation assay
Detection of apoptosis by annexin V binding Proliferation of subconfluent MCs was quantitated by
determination of the incorporation of [3H]-thymidine.Mesangial cell binding of FITC-labeled annexin V in-
dicating early stages of apoptosis was measured by flow MCs (4 3 104/mL) that were growth limited as described
previously were washed twice with PBS and treated withcytometry. MCs cultured and treated as outlined pre-
viously in this article were trypsinized from culture flasks, test substances in CM with 0.5% FCS for 12 hours. For
the last six hours of the incubation period, MCs werewashed extensively in ice-cold PBS, and incubated in
PBS containing 2% bovine serum albumin (BSA) and incubated with 3 mCi/mL [3H]-thymidine, and were
washed and solubilized in 1 mL 0.1% SDS. Precipitation0.01% NaN3 on ice to block unspecific binding of fluoro-
chromes. Unfixed cells were then labeled with annexin on ice was performed with 200 mL of 20% trichloroacetic
acid (TCA) overnight. Acid-precipitable material wasV-FITC (2.5 mg/mL in PBS containing 1.8 mmol/L CaCl2)
and PI (5 mg/mL) for 15 minutes on ice before washing pelleted by centrifugation, dissolved in 0.5 N NaOH, and
transferred for liquid scintillation counting. Further-again in saline. MCs that exhibited low staining of nu-
clear chromatin by PI and high binding of annexin V more, MC growth was analyzed by counting cells micro-
scopically.were identified as apoptotic cells; high annexin V binding
and PI staining indicated necrotic damage. Cells were
Microspectrofluorometric measurement of [Ca21]ianalyzed on a FACScan flow cytometer (Becton Dickin-
son, Mountain View, CA, USA) for a total of 10,000 Mesangial cells (5 3 103/mL) were cultured on 35 mm
glass cover slips and were slowed down in growth asevents.
described previously in this article. MCs were incubated
Visualization of chromatin fragmentation with 1 mmol/L of the [Ca21]i-sensitive dye fura-2 AM
dissolved with surfactant Pluronic F-127 (0.1 g/L) for 30Mesangial cells (2 3 103/mL) were seeded out to four-
well glass chamber slides (Nunc, Wiesbaden, Germany) minutes in Ham’s F-12 medium (GIBCO BRL, Eg-
genstein, Germany) at 378C as described previously [23].and synchronized as described previously in this article.
After treatment with the test substances, cells were fixed The measurements were performed in a constantly per-
fused (10 mL/min) chamber, where the cover slips werein 4% paraformaldehyde in PBS for 10 minutes on ice,
rinsed twice in PBS, and permeabilized with ice cold fixed. MCs were perfused with buffer containing 110
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Fig. 3. Effect of thapsigargin on [Ca21]i of untreated MC (2BAPTA)
or MC treated with BAPTA-AM (1BAPTA, 10 mmol/L) for 30 minutes
and effect of external Ca21 removal on thapsigargin-induced [Ca21]i.
Representative tracings of fura-2 fluorescence ratios out of six indepen-Fig. 2. Representative immunofluorescence micrographs of mesangial
dent experiments are given. External Ca21 depletion was achieved bycells (MCs) treated without (A) or with thapsigargin (B, 100 nmol/L
superfusing cells in Ca21-free solution supplemented with 5 mmol/Lfor 12 h). Nuclear staining was performed with the Hoechst 33258 dye,
EGTA.which gave a homogeneous chromatin architecture for control cells but
intensive nuclear condensation and fragmentation after thapsigargin
treatment. Representative images out of six experiments are shown. Fig. 4. Induction of apoptosis by thapsigargin (TG; 100 nmol/L, 12 h)
of MCs pretreated without or with BAPTA-AM (10 mmol/L, 30 min).
BAPTA-AM alone did not alter basal apoptosis significantly, but re-
versed thapsigargin-induced apoptosis to control levels. Means 6 SEM
are given with the numbers of cultures indicated within the graph bars.
mmol/L NaCl, 25 mmol/L NaHCO3, 10 mmol/L HEPES, *P , 0.05 as compared with control; #P , 0.05 as compared with TG.
3.6 mmol/L KCl, 5 mmol/L glucose, 1 mmol/L MgCl2,
and 1.3 mmol/L Ca-gluconate for 20 minutes at 378C
before the experiments were started. MCs were exited
gisches Institut, Universita¨t Freiburg, Freiburg, Ger-at wavelengths of 340, 360, and 380 nm with a xenon-
many). At the end of each experiment, calibration ofquartz lamp (XBO 75 W; Zeiss, Jena, Germany) using
[Ca21]i was performed by incubation of cells with iono-a filter wheel rotating at 10 Hz. Fluorescence was mea-
mycin (1 mmol/L) in the presence (1.3 mmol/L) and ab-sured by a photon-counting tube (Hamamatsu H 3460-
sence of extracellular Ca21 [buffered with 5 mmol/L eg-04, Herrsching, Germany) at 500 to 530 nm. Ten data
tazic acid (EGTA)]. Maximum and minimum values ofpoints were averaged, resulting in a time resolution of
the 340/380 nm excitation fluorescence ratio were used1 Hz. Fluorescence signals were taken from five MCs
for all calibrations to estimate the [Ca21]i.using an adjustable diaphragm. Autofluorescence was
To determine whether thapsigargin-induced MC apo-measured before loading cells with fura-2 and subtracted
ptosis was a direct consequence of [Ca21]i elevation, MCsfrom the original data for each experiment. The experi-
stained by annexin V-FITC (2.5 mg/mL for 15 minutes)ments were analyzed and controlled with a PC-486 com-
puter system and specific software (U. Fro¨be, Physiolo- and loaded with fura-2 AM were aimed visually by spec-
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Fig. 5. Induction of MC apoptosis by thapsigargin (100 nmol/L, 12 hours) and reversal of apoptosis by pretreatment of cells with BAPTA-AM
(BAPTA, 10 mmol/L, 30 minutes) indicated by flow cytometry. In this multiparameter flow cytometry, low nuclear staining by PI excluded
significant necrotic cell damage (#8%). Apoptosis was determined by binding of FITC-labeled annexin-V. Percentages of the cells within the four
quadrants are depicted with the number in the lower right quadrant indicating apoptotic cells. A representative experiment out of three is shown.
trofluorescence microscopy for [Ca21]i measurements. creased apoptosis by 138 6 30% above medium control.
Time kinetic studies revealed that a significant increaseAnnexin V-FITC–positive apoptotic cells and annexin
V-FITC–negative intact cells were analyzed separately of MC apoptosis was demonstrable at minimum incuba-
tion times of six hours (Table 1). At incubation timesfor [Ca21]i.
above 12 hours, necrosis rates above 10% were found
Statistics (12 6 3% necrotic MC after 20 hours of treatment with
thapsigargin; Table 1).Data are presented as mean values 6 SEM. The num-
ber of experiments (N) is depicted within the figure bars. In the following experiments, thapsigargin was admin-
istered at a concentration of 100 nmol/L for 12 hours ifOne-way analysis of variance (ANOVA) test (Microcal
Origin 5.0 Software, Northhampton, MA, USA) was not otherwise indicated. Furthermore, thapsigargin sig-
nificantly reduced MC proliferation at concentrationsused for statistical analysis. P values of less than 0.05
were considered significant. For statistics and depiction and incubation times that were chosen for apoptosis
studies (Fig. 1B). Experiments with flow cytometry de-of data in the figures, changes of the level of apoptosis
or proliferation of MC by the agonists are expressed tecting phosphatidylserine exposure of apoptotic cells
by annexin V staining showed that under control condi-in percentage taking control medium as 100% because
baseline apoptosis scattered between 2 and 15%. tions, 3 6 2% of MC bound annexin V, whereas after
treatment with thapsigargin (100 nmol/L for 12 hours),
20 6 4% of cells exerted an increased annexin V staining,
RESULTS
indicative for apoptosis (N 5 12, P , 0.05). Representa-
Effects of thapsigargin on MC apoptosis tive flow cytometry tracings after labeling MCs with
and proliferation annexin V-FITC for apoptosis detection and PI for ne-
crosis detection are given in Figure 5 (upper panel).As shown in Figure 1A, the Ca21-ATPase inhibitor
thapsigargin induced apoptosis in nanomolar concentra- Staining MCs with the nuclear dye Hoechst 33258 as
a further method to confirm apoptosis in later stagestions dose dependently when MCs were treated for 12
hours. A thapsigargin concentration of 100 nmol/L in- revealed significant chromatin condensation and frag-
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Fig. 7. Effect of PDGF on MC [Ca21]i after acute administration (1.25
nmol/L, upper panel of A) and abrogation of the effect of thapsigarginFig. 6. A dose-dependent induction of MC proliferation by PDGF (A),
on [Ca21]i after pretreating MCs with PDGF for 12 hours (lower paneleffects of PDGF (1.25 nmol/L, 12-h preincubation) on MC proliferation
of A). (B) The increases of [Ca21]i by angiotensin II (1 mmol/L) andin response to thapsigargin (TG; 100 nmol/L 12 h; B) and on TG-
ATP (100 mmol/L) but the lacking effect of thapsigargin (100 nmol/L)induced apoptosis using the indicated low or high PDGF concentrations
when MCs were preincubated with PDGF (1.25 nmol/L) for 12 hours.(C). PDGF was able to reverse the reduced MC proliferation in response
(C) The effects of PDGF on [Ca21]i after an acute administration ofto TG to control levels (B) and to antagonize TG-induced apoptosis
PDGF and of thapsigargin (TG) without or with pretreatment of MC(C). Means 6 SEM are given. The numbers of cultures are indicated
by BAPTA-AM (10 mmol/L, 30 min; TG 1 BAPTA) or PDGF (1.25within the graph bars. *P , 0.05 as compared with control; #P , 0.05
nmol/L, 12 hours; TG 1 PDGF) are summarized. (A and B) Representa-as compared with TG alone.
tive tracings depicting 340/380 ratios of fura-2 fluorescence levels out
of four independent experiments are shown. (C) Means 6 SEM are
given presenting the numbers of cultures within the graph bars. *P ,
0.05 as compared with control; #P , 0.05 as compared with TG alone.
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mentation only in MCs treated with thapsigargin for at consecutively exposing cells to thapsigargin (100 nmol/L)
for further 12 hours normalized MC growth to basalleast six hours (Table 1). Figure 2 provides typical images
of intact or late apoptotic MCs treated for 12 hours with levels and reversed the reduction of proliferation in-
duced by thapsigargin (Fig. 6B). At lower PDGF concen-100 nmol/L thapsigargin after Hoechst staining.
trations of 0.25 nmol/L, this treatment had no influence
Effects of thapsigargin on [Ca21]i and abrogation of on basal MC apoptosis, but reversed the thapsigargin-
apoptosis by Ca21 buffering induced increase of apoptosis back to baseline. At higher
PDGF concentrations (1.25 nmol/L), PDGF per se re-Figure 3 shows that thapsigargin (100 nmol/L) mark-
edly elevated [Ca21]i of MCs as presented by the 340/ duced the basal MC DNA fragmentation rate (Fig. 6C).
380 fluorescence ratio. This increase of [Ca21]i was com-
Effects of PDGF on [Ca21]i and thapsigargin-inducedpletely abrogated when MCs were preincubated with the
[Ca21]i increasesintracellular Ca21-chelator BAPTA-AM (10 mmol/L) for
30 minutes. These data are summarized in Figure 7C. Treatment of MCs with PDGF led to an acute increase
of [Ca21]i, as shown by the 340/380 fluorescence ratios.Removing Ca21 from extracellular medium by addition
of EGTA (1 to 5 mmol/L) and culturing MCs in nomi- However, preincubation with PDGF for 12 hours and
then exposing cells to thapsigargin abolished the rise ofnally Ca21-free medium highly diminished the adherence
of MCs so that MC apoptosis was not measurable under [Ca21]i completely. Figure 7A gives original tracings of
representative experiments. Figure 7C summarizes thethese conditions. However, detecting [Ca21]i of MCs
after removal of Ca21 in the presence of EGTA (5 acute effects of thapsigargin (100 nmol/L) and PDGF
(1.25 nmol/L) on [Ca21]i of MCs and compares themmmol/L) gave thapsigargin-induced [Ca21]i elevations
that were similar as for cells left in the presence of Ca21 with the lack of effects of thapsigargin when MCs were
preincubated with BAPTA-AM for 30 minutes or PDGF(D[Ca21]i 121 6 34 nmol/L in Ca21-free solution, N 5 6,
vs. 78 6 36 nmol/L, N 5 19; lower panel of Fig. 3). for 12 hours. Interestingly, angiotensin II and ATP, both
Application of BAPTA-AM for 30 minutes did not well-known agonists leading to [Ca21]i rises of MCs,
alter the baseline DNA fragmentation of MCs, but re- were, in contrast to thapsigargin, still able to evoke Ca21
versed the thapsigargin-induced increase of apoptosis peaks after a 12-hour preincubation with PDGF. A rep-
back to control levels. This was shown by the [3H]-thymi- resentative tracing is shown in Figure 7B. Angiotensin
dine–based DNA fragmentation assay (Fig. 4), flow cy- II (1 mmol/L) elevated [Ca21]i from 143 6 18 to 396 6
tometry detecting annexin V binding (Fig. 5), as well as 38 nmol/L (N 5 5) after preincubation of MCs with
by Hoechst 33258 staining (Table 1). These data suggest PDGF (1.25 nmol/L), which was similar to MCs without
that thapsigargin evoked apoptosis of MCs by leading PDGF pretreatment (data not shown). Simultaneous ad-
to an increase of [Ca21]i consecutive to a release from ministration of PDGF and thapsigargin to MCs induced
internal cytoplasmic stores and inducing secondary Ca21- a significant rise of [Ca21]i without exerting additive or
dependent mechanisms responsible for DNA degrada- potentiating effects (data not shown).
tion.
DISCUSSION[Ca21]i of MCs treated with thapsigargin in intact and
apoptotic cells The endoplasmic reticular Ca21-ATPase inhibitor
thapsigargin was used in the present study to investigateSince not all MCs treated with thapsigargin showed
whether an increase of [Ca21]i can serve as a signal tofeatures of apoptosis, we examined whether differences
initiate MC apoptosis. Many previous studies haveof basal [Ca21]i were measurable between intact (annexin
shown that a rise of [Ca21]i by thapsigargin involves anV negative) and apoptotic (annexin V positive) cells.
initial release of the cation from microsomal, nonmito-Intact thapsigargin-treated MCs had a significantly lower
chondrial Ca21 pools, which induces and is followed by[Ca21]i of 116 6 20 nmol/L (N 5 26) as compared with
a capacitative Ca21 influx from the extracellular spaceapoptotic thapsigargin-treated cells, which had a [Ca21]i
[19, 20]. Our results confirmed that thapsigargin elevatedof 251 6 25 nmol/L (N 5 41, P , 0.05).
[Ca21]i of MCs also in nominally Ca21-free medium. In
Effects of PDGF on proliferation and apoptosis and contrast to Ca21 ionophores, which permeabilize cell
counter-regulation of the action of thapsigargin membranes and organelle membranes unspecifically,
thapsigargin is a suitable and specific test substance toThe well-characterized growth factor PDGF dose de-
examine the significance of Ca21-signaling in apoptosispendently induced proliferation of MCs as determined
[24, 25]. With respect to increasing [Ca21]i, it mimics theby thymidine incorporation at nanomolar concentrations
action of various natural mediators such as vasopres-when cells were treated for 12 hours (Fig. 6A). Cell
sor agonists (for example, endothelin, angiotensin II),counting corroborated MC growth by PDGF (Table 1).
Preincubation with PDGF (1.25 nmol/L) for 12 hours and growth factors (for example, PDGF, basic fibroblast
Saleh et al: MC apoptosis and Ca21 signaling 1883
growth factor) or cytokines (for example, interleukin-2) previous studies [31, 32]. In comparison to thapsigargin,
[Ca21]i increases after PDGF exposure were similar with[19, 23, 26].
Our data show that treatment with thapsigargin re- respect to height and duration, so we can widely exclude
that the pattern of Ca21 peaking determines whether asulted in apoptosis of MCs, which were in a synchronized
and growth-limited state. MCs kept in a proliferative proliferative or an apoptotic pathway will be initiated.
PDGF induced MC proliferation and using higher con-state by serum supplementation (.1% FCS in medium)
were resistant to the apoptosis-inducing effects of thapsi- centrations (1.25 nmol/L) even suppressed basal apopto-
sis. When MCs were pretreated with PDGF for 12 hoursgargin. We detected features of apoptosis by three differ-
ent techniques; this study shows that thapsigargin and were consequently exposed to thapsigargin, Ca21-
triggered apoptosis disappeared. Most interestingly, pre-induced nuclear chromatin condensation and fragmen-
tation by Hoechst 33258 nuclear staining as well as treatment with the growth factor exclusively abolished
thapsigargin-induced elevations of [Ca21]i but not angio-plasma membrane alterations indicative for apoptosis
using annexin V-based flow cytometry. An increase of tensin II- or ATP-induced Ca21 fluxes. These data indi-
cate that increases of [Ca21]i per se are not sufficient to[Ca21]i was an essential trigger to activate apoptotic pro-
cesses of MCs because intracytoplasmic chelation of Ca21 induce apoptosis or proliferation, although during both
cellular processes, Ca21 signaling occurs. Depletion ofby BAPTA-AM completely antagonized the effects of
thapsigargin and reversed apoptosis to basal levels. Fur- cytosolic Ca21 stores by growth factors could be excluded
since agonists were still able to induce [Ca21]i peaks afterthermore, MCs treated with thapsigargin showed sig-
nificantly higher [Ca21]i when they were identified as PDGF pretreatment.
Growth factors induce their effects via cell membraneapoptotic cells by annexin V binding as compared with
MCs that were still intact and negative for annexin V receptors, which are coupled to protein tyrosin kinases.
During the downstream events, phospholipase C-g andbinding. When MCs were treated with thapsigargin for
more than 12 hours, progression of cells into necrotic phosphatidylinositol 3 kinase are involved, which gener-
ate rises of [Ca21]i, mobilization of transcription factors,stages took place, but the percentage of apoptotic MCs
never exceeded one third (Table 1). MCs that peaked and nuclear expression of protooncogenes [32–34]. By
the activation of these cascades, stimulation of Ca21-with [Ca21]i were identified as senescent cells, but it is not
clear by which mechanisms the surviving cells quenched dependent endonucleases, phospholipase A, or prote-
[Ca21]i elevations and were rescued from apoptosis. ases engaged in apoptotic pathways [35] must be blocked
Probably, MCs that locally produce high levels of auto- by yet unknown mechanisms. Our results suggest that
crine growth factors such as PDGF are protected against growth factors can alter Ca21 signaling and cell survival
apoptosis safely. depending on the duration of time they are present at
Thymocytes and lymphocytes are cells in which apo- sufficient concentrations.
ptosis in response to a rise of [Ca21]i could be first demon- In conclusion, our study shows that Ca21 signals are
strated [27, 28]. This was similarly achieved by Ca21 involved in MC proliferation as well as in apoptosis and
ionophores, thapsigargin, and dexamethasone [29]. Since might serve as a regulatory link. Mediators such as PDGF
all of these substances increased [Ca21]i, it was suggested support not only cell growth, but rescue MCs from apo-
that Ca21 is a second messenger signal generally engaged ptosis as survival factors by altering Ca21 homeostasis.
as a trigger of apoptosis [17, 20]. In nonlymphoid blood
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